Surface roughness plays an important role in the delamination wear caused by rough surface contact. A recent dislocation model analysis predicts that nano-scale contacts of surface steps induce nucleation of dislocations leading to pro-load and anti-load dislocation segregation near the contact surface. Such dislocation segregation generates a sub-layer of tensile residual stress in a much thicker layer of compressive residual stress near the surface. The tensile sub-layer thickness is expected to be about 50 to 100 times the step height. In order to verify the predictions of the model analysis, contact experiments are carried out on polycrystalline aluminum surface to determine the existence of the tensile sub-layer. The variation of the residual stress along the thickness direction is measured using a newly developed high sensitivity curvature-measurement interferometer. The residual stress distribution measured with subnanometer spatial resolution indicates that contact loading leads to formation of a highly stressed sub-layer of tensile residual stress within a much thicker layer of compressive residual stress.
Introduction
When two rough surfaces are in contact, significant wear occurs due to contact pressing and sliding between the two surfaces. The rate of wear is a function of many parameters including normal force, sliding velocity, temperature, thermal, mechanical and chemical properties of the contact material. The wear process may involve many different mechanisms depending on the contact forces and sliding velocities. Empirical diagrams of wear-mechanisms reveal that at low sliding region, which is the typical working condition for gears, brakes and clutches during the operation of automotives, plasticity-dominated delamination wear plays the most important role [1] . Thus the understanding of the mechanisms of delamination wear has been highly valued by the wear community.
Among the many causes of delamination wear, surface roughness plays an important role [2] [3] [4] [5] .
When two rough surfaces are brought together, local yielding and the subsequent localized damage and wear occur at surface asperities far before the system reaches its bulk yielding condition. The relation between surface roughness and wear rate has been studied by many researchers. Most of the previous studies, however, relied on the empirical knowledge constructed from experimental data, with little understanding of the source and mechanisms.
Recently, an effort toward the understanding of the real mechanisms governing plastic deformation of contact surfaces was initiated. A dislocation based unit process model (schematically represented in Fig. 1(a) ) consisting of a surface with one step in contact with a flat rigid surface was used to study surface roughness evolution under contact loading [6] . Rice- Thomson's dislocation nucleation criterion [7] was used to model the dislocation nucleation from the surface step. Under contact load, a dislocation nucleates and grows out from the surface step when the nucleation criterion is satisfied. The criterion is based on the driving force on the dislocation which is calculated using conservation integrals. Results of the unit process model show that under a contact load, the surface step induces stress concentration which promotes dislocation nucleation along easy-glide slip planes. Dislocations nucleated on a slip plane inclined away from the step edge are driven to stay only in a thin layer near the surface by the far-field contact loading, while dislocations nucleated along other slip planes easily move away from the surface into the bulk material. The former dislocation is named anti-load dislocation. In contrast, the latter dislocation is called pro-load dislocation which can be easily driven away from the step edge into the bulk by the far-field stress of the contact loading. The anti-load and pro-load dislocations and their segregation are schematically depicted in Fig. 1(b) . The segregation of anti-load dislocations near the surface produces net Burgers vector of the dislocations, which generates a sub-layer of tensile residual stress near the contact surface. The accumulation of pro-load dislocations produces a much thicker layer of compressive residual stress away from the contact surface into the bulk. Since cracks form much more easily under a tensile residual stress, this model indicates that the dislocation nucleation around surface steps may be one of the mechanisms causing surface crack nucleation associated with delamination wear.
To verify the predictions of the unit process model and to achieve a better understanding of the mechanisms causing delamination wear, experiments were carried out to study the residual stress development due to contact of two conforming surfaces. In order to measure the thickness dependent residual stress developed due to plastic deformation during contact, experiments were carried out in two steps. In the first step, a polycrystalline aluminum sample with nano scale surface roughness was loaded using a flat mirror polished stainless steel indenter to introduce localized plastic deformation near the contact surface. In the second step, the contact loaded aluminum sample was removed from the loading fixture and placed into a newly developed curvature interferometer to measure the residual stress as a function of depth from the contact loaded surface. Measured residual stress distribution is compared with predictions from the unit process model to validate and demonstrate the physical basis of unit process model.
EXPERIMENTAL PORCEDURE

Materials
The polycrystalline aluminum samples used in this experiment are circular disks with a 30 mm diameter and 1.9 mm thickness. The samples were cut from an original 8" computer hard disk of the same thickness with mirror like finish on both sides using electro-discharge machining.
Atomic force microscopy (AFM) of the sample surface reveals that the roughness of the sample surface is in the range of several nano meters. The samples were contact loaded using a mirror polished stainless steel indenter. The stainless steel indenter has a diameter of 50 mm, big enough to cover the whole sample surface, and was mechanically polished with Al 2 O 3 suspension down to 0.3 µm. Before starting the contact loading experiments, simple tension experiments were performed on dog-bone shaped specimens using an Instron 4505 tensile/compressive testing machine to measure the mechanical properties of polycrystalline aluminum disks. The tensile strength and Young's modulus were found to be 120 MPa and 70 GPa, respectively.
Contact loading experiment
During the contact loading experiment, normal forces were applied through the indenter onto the top surface of the sample, while the bottom surface of the sample was supported by a PMMA block as shown schematically in Fig. 2 . The specimen configuration was subjected to normal loads corresponding to average stress levels well below the bulk yield strength of aluminum disks. In the current specimen configuration, hard contact only occurs at the top surface and localized plastic deformation is introduced under the surface asperities, while the bottom surface of the aluminum sample remained elastic by transferring the load into the compliant PMMA block. In order to study the effect of stress levels on the residual stress development, different loading levels corresponding to average compressive stress of 0, 20, 40, 50, 60 and 80MPa were applied on different samples.
RESIDUAL STRESS MEASUREMENT
Curvature Interferometry
The residual stress distribution along thickness direction was obtained by measuring the sample curvature change caused by releasing the residual stress formed due to contact loading. As opposed to the typical procedure of measuring the substrate curvature change during thin film growth, here we measure the sample curvature change during the removal of the surface materials. Currently, there exist many wafer curvature measurement techniques such as laser scanning method developed by Flinn et al [8] , the multibeam reflection method developed by Taylor et al [9] , and the full field optical coherent grating method developed by Rosakis et al [10, 11] . 
The optical path length difference, ∆, corresponds to a phase difference of 2π λ ∆ between the two beams, where λ is the wavelength of the laser. The phase difference can be measured by the interference between the two beams reflected from positions C and D. As a result, the curvature of the sample surface can be determined by measuring the phase difference. In the cases where the sample curvature changes with time, the real time curvature variation, κ(t), can be monitored by measuring the variation of the path length difference, ∆(t).
Alternatively, if the lateral distance between the two beams, d, is changed by a small amount, δd, or, the distance, c, between the midpoints of positions (A, B) and (C, D) is changed by a small amount δc, the curvature κ can be expressed as
where δ∆ is the change of the path difference due to the change in distance d or c. This alternative approach is particularly useful in measuring the absolute curvature of a sample surface, since time variations of ∆ and d (or c) can be introduced and measured while κ remains constant. In all the cases, the measured interference signal requires minimal data-processing to determine the absolute curvature or the real time curvature variation.
Compared to other curvature measurement techniques, the current interferometer has some unique advantages: 1) it is capable of measuring both the absolute value and the time variation of the sample-surface curvature; 2) the paths of the two beams can be arranged to be close to each other so that influence of environmental disturbances on the measurement can be minimized, as demonstrated later in Fig. 4; 3) since the sample and mirror are located at the two focal planes of the lens, small tilt, translation or vibration of the sample has no influence on the curvature measurement. The limitation of the current interferometer is that it measures the average curvature of the sample.
The physical arrangement of the curvature interferometer for residual stress measurement is shown in Fig. 4 . A cube beam splitter, BS1, was used to produce two parallel beams from a single incident linearly polarized He-Ne laser beam with a beam diameter of approximately 1.0 mm. The two parallel beams were then directed to the back surface of the sample (unloaded side)
by the second beam splitter, BS2. After reflecting back from the sample surface, the two beams were focused onto a reflecting mirror, M2 by the focal lens. The reflected beams from the mirror were then sent back through the lens to the sample surface. After the second reflection from the sample surface, the two beams were steered by beam splitter, BS3, to a mixing beam splitter, BS4, to generate two sets of interference signals (°180 out-of-phase), which can be detected by two different photodetectors.
The main objective of the current experiment is to verify the existence of the sub layer of tensile residual stress near the contact surface within a larger compressive residual stress distribution as predicted by previous dislocation model [6] . If such a tensile layer indeed exists, it is expected that the sample curvature will change from concave to convex during the removal of surface material. Change in sign of sample curvature will lead to reversal in the interferometeric signal.
In order to unambiguously identify such reversals, a quarter-wave plate was inserted into one of the two interfering laser beams before they reach the mixing beam splitter BS4, and two linear polarizers were placed in front of two photodetectors. The orientation of the quarter-wave (λ/4) plate and the two linear polarizers, P1 and P2 are illustrated in Fig. 5 . By aligning the quarterwave plate at 45 o with respect to the polarization direction of the He-Ne laser, and the two linear polarizers to be parallel to the fast and slow axes of the quarter-wave plate, respectively, a °90 phase shift is introduced between the two interference signals. This arrangement provides unambiguous detection of the reversal in the interferometric signal and consequently the change in sign of the curvature.
Residual Stress Measurement
In order to measure the residual stress as a function of depth from the contact surface, the loaded side of the sample was chemically etched using an aluminum etchant consisting of 16 parts phosphoric acid, 2 parts de-ionized water, 1 part acetic acid and 1 part nitric acid. The etching rate of this etchant was measured to be around 110 nm/minute. The gradual removal of the material released the residual stress and caused changes in the curvature of the sample. In order to guarantee uniform removal of the materials and avoid localized reactions, a magnetic stirrer was used to stir the etchant during the measurement. To avoid contaminating the lab environment with the toxic acids, a compact bench top fume hood was used to contain the chemical etching setup and remove the toxic vapors and gases (see Fig. 4 ). The clear nature of the hood material introduced no interruptions into the optical measurements and allowed real time observation of the etching process.
During the etching experiment, the two sets of phase-shifted signals were acquired by two identical photodetectors (Thorlabs, DET210) and digitized using an Agilent Multi channel Data
Logger 34970A with a 34901A 20 channel multiplexer module connected with a computer.
Once the interferometric signal is obtained, the path length difference, ∆ , was calculated using 
where, d∆ is the change of path length difference caused by removing the thin layer e dh , c is the distance between the midpoints of the incident positions and d is the lateral separation of the two parallel beams as illustrated in Fig. 3 .
From Eqs. (5) 
From Eq. (6), one can see that for fixed distances c and d, the resolution of the current interferometer mainly depends on the resolution of the measured path length difference change, d∆ . Each complete fringe in the interferometric data corresponds to one wavelength (λ) path length difference change which corresponds to a subsequent curvature change of
When such an inteferometric fringe is acquired by a photodetector with a signal to noise ratio of SNR, the resolution is enhanced to 
This resolution was estimated to be sufficient for the range of curvature change expected in the current experiment. However, this interferometer has the potential to achieve an even higher resolution if a piezo-strictive or AFM type piezo-electric stabilization circuit is used to control the interferometer to operate at its maximum sensitivity. For example, if an AFM type piezoelectic transducer is used to realize a minimum path length difference change in the order of 10 pm, the resolution of the radius of curvature change would be in the order of 10,000 km as calculated directly from Eq. (6).
EXPERIMENTAL RESULTS
A total of ten samples covering a loading range of 0 to 80 MPa were tested using the aforementioned procedure. The etching results of a sample loaded to 60 MPa for an etching time of 70 minutes are shown in Figs. 6 and 7. The AFM topography images of the sample before and after etching are presented in Fig. 6 . The image in Fig. 6(b) clearly shows the polycrystalline nature of the sample. The average grain size is around 40 µm.
The interferometric signal obtained from the curvature measurement setup and the processed residual stresses are presented in Fig. 7 . As expected, the two signals show an exact °90 phase shift indicated by the fact that when signal 1 reached its peak value around 2000 sec, signal 2 was in its fastest changing region. Comparing the magnitudes of the two signals at critical phase angles, such as 0, π/4, π/2 and π, indicates that the first peak of signal 1 corresponds to a reversal of phase-difference variation. Since the most reliable part of a sinusoidal curve is the fast changing part instead of the plateau region, the sensitive parts of the two signals were selectively combined to give the final residual stress vs. etching thickness result as shown in Fig. 7(b) . For an etching period of 70 minutes, a total thickness of 8 µm was removed from the loaded side of the sample. The residual stress showed a tensile value of 175 MPa near the contact surface, while a much lower compressive stress around 50 MPa was observed within a much thicker layer up to 6 µm. The tensile sub-layer extended to a thickness around 146 nm.
For the total 10 samples tested at 6 loading levels, the results are summarized in Table 1 . The results of 0 load level shows that compressive residual stress exists even in unloaded samples which may be developed during the manufacturing process. As shown in Table 1 , the interferometer signal for all the samples loaded above 40 MPa displays a reversal indicating the presence of a sub-layer of tensile residual stress. Although the magnitudes of the residual stress and the thickness of the tensile layers presented in Table 1 display large scatter and error bars (typically 10-15%), the existence of the reversals in the interferometric signals for samples loaded above 40 MPa is unambiguous. The tensile layer thickness for the current samples spreads in a range of 83-222 nm, which is within the range predicted by the analysis of the unit process dislocation model [6] . The large scatter in measured magnitude of residual stresses is mainly due to numerical differentiation of the measured curvature change with respect to the etching thickness which accentuates the experimental noise. However, this noise is significantly suppressed by low-pass filtering. The overall root mean square uncertainty in the measured curvature change is estimated to be no more than 2%. The overall uncertainty in the local value is over a larger spatial range resolution, the stress measurement will be much more accurate.
Discussion and Conclusions
Motivated by the predictions of a recent dislocation model analysis, a contact loading experiment was performed to introduce thickness-dependent residual stress under the contact surface. The residual stress was quantitatively determined by measuring the sample curvature change while gradually releasing the contact stress using in-situ chemical etching.
Utilizing the interference between two laser beams repeatedly reflected from the sample surface, a new type of curvature interferometer was developed to measure both time-dependent and absolute curvature of the samples. Compared to the existing curvature measurement techniques such as laser scanning method, the new interferometer has the advantage of high resolution, insensitive to noise, translation and vibration of sample, and simple post-data processing.
In the previous work, a unit process model was used to study the dislocation activity around The existence of such sub-surface tensile layer is expected to play an important role in the wear processes associated with gears, engines and clutches, as these parts of the automobile usually undergo a normal contact loading during the operation of the system. Previous experimental studies have demonstrated that surface tensile residual stress is detrimental to machine parts as it promotes fatigue crack nucleation and stress corrosion cracking. Hutchinson and Suo [13] have
shown that a surface layer under tensile residual stress could crack in a variety of fashions including surface cracking, channeling, substrate cracking, spalling and debonding, all of which could contribute to delamination wear of the contact surfaces. 
